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TECH&CAL NOTE MO. 626

STATIC THRUST ANALYSIS OF THE LIFTING AIRSCRIW

By Montgomery Knight and Ralph A. Hefner

“’SUWARY
...-.....

f?

ThiEI re- t presents the results of a combined theo-
retical and . erimental investigation conducted at the
Georgia Sohool of Technology on the static thrust of the

—

lifting airscrew of the type used in modern autog~roe and
helicopters.

..-

The theoretical part of this study Is based on
Glauertls analysis hut certain modifications are ma~e that
further clarify and simplify the problem- Of thee8 changes
the elimination of the solidity as an independent parameter

—

3.s the most important. —-.

The experimental data were obtained from tests on four
rotor modele of two, three, four, and five blades aiid, in
general, agreo quite well with the theoretical calcula-
tions.

..- -

The theory indicatee a method of evaluating scale ef-
fects on lifting alrscrews, and these corrections have
been applied to the model restits to derive general full-
scale static thrust, torque, and figure-of-merit curves

—

for constant-chord, constant-incidence rotors.

Convenient charts are Included that enable hovertng-
fllght performance to be calculated rapidly.

INTRODUCTION —

The problem of greater safety in flight is toQay com-
manding nore and more attantion. Two different methods of
attack are being develope~at present. One of these con-

—-.

sists of improving the conventional fixed-wing airplane ‘.
through such modifications as Handley Page slots, w+n~ ‘I-
profiles giving smooth maxtmum lift characteristics, me%h- ‘-.

—. ..—.

ods of obtaining more complete rolllng and yawing” control””
ti-

. . *
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.

in stalled flight, nmd other spacinl device6- The altornc-
tivo method is that of developing a typo of aircraft In
which there will always he relative motion botweon the lift:
ing surfcces and the air; regal-dloss of the motion or a,ttl-
tudo of *Lo aircraft as a whole. This type is exemplified
by tho r.utoglr.o and tine various expartmental helico~tors,
of which the Brdgu~t-Dorand 1S t2L& most outstanding recant
example (reference 1)0

In order to investigate the possibilities o~he
rotating-wing type of aircraft, a general study of the ver-
tical notion of the lifting airscrew has been undertaken
at the Daniel Guggenheim School ~f .Aeronautics. of the
Georgi-a School oFTeohnology. This project is receiving
financial nnan~rtifrom the National Advisory Committee for
Aeronautics and the State Engineering Ilx~erinent Station
Of Geor&l@~ .

The purpose of this report Is to present the results
of the fi=t part of t~is investigation, which covers the
phase of ~tat-ic thrust or hovering fliqht of the halicop-
tf3r. Glauertls assumptions (reference 2) furnish the
background for the theoretical portion of tie study. Hou-
ever, the induced velocity through the rotor is determined.
on the .%as2~ of vortex theory rather than by using the con-
cept of the Ilactuator disk. 11 Thi6-chat@6 has bO~ii rnatlo-

l)ecause the vortex theory offers a much clearer picturo of
the mechanism of airscrew thrust without–materially com-
plicating the derivation of the induced velocity equation
which is identical for both nethodsg

The ezpor~mental part of the ana].ysis provldos ~9r-
ical values of such parameters as are:esse-ntially emp~rlcal
and serves to show the agreement between the calculated and
actual values of thrust and torque for” four different ro-
tcr models.

STATIC THRUST ANALYSIS

Baste assump tion Q.- In treating the. couplex protlem. .
of the lifting airscrew, it is necessary to make the fol-
lowing, simplifying assumptions: - - _. .

1. The number of blades may be taken as infintts.

2, Induced angles of attack are suff~cj.ently small
so that the angle may be “substituted for the
sine and tangent, and the co~lne replaced by
unity.

.. .. .
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TLa Rotational and radial components Of VelocitY and
tip ef”fects may be neglected.

.
..

&-* The slipstream contraction may he neglected. “

hW2Q@- peloc~t Y=- The first step in the static thrust
analysis is to determine the downward velocity induoed %y

.—..——— _

the motion of the blades. In the slaplest case, each blade
of the rotor may be replaoed by a rotating lifting line from
the ends of which spring trailing vortices. The tip vort~x .
will obviously form a helix in space while the vortex ems-
nating from the blade root mill be concentric with the axis
of rot.atjon, and in the present diecqseion its effect Mill
be neglected. ..-

Since we are assuming an infinite nuber of.blade~ the
problom consists of determining the velocity induced nor-
mal to the plane of the rotor by a cylindrical surface of
vorticity, bounded on one end by the rotor and extend”@
do-ward to infinity. X’igure 1 depicts this cylinder with
ite top in the XY Pi-e and its axis coincident with the
-z axis. The ring s of width dz Ie an element of this .
surface normal to the axie.

If me take the total circulation produced by the rotor
blades ELS r, the circulation strength of the ring s

.
will be ~ dz, and hy neglecting high”er order terms...~he

ring becomes equivalent to a-circular vortex element of

radius R. It will ‘be noted that ~ =’ constanfi~

—

-.

r.

.-

.-

.

Now the p+oten~ial at a point P due.to a closed vor-
tex olomont may be expreseed in-the following. fo~rn.(~e~?r-_. .._
ence 3): “

where r’ is the circulation about the element .——

and w iS the solid ~gle at P subtended ~Y the ___ . .
element ---

Thu S , if the point P be in the plane of the rotor,
as ehown in figure 1, we may write:

.
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where w is the solid angle ati P subtended by. the vortex
ring s. The total potential at P will then be

(1)

r,1
The velocity at P, due to .s, normal to tho rotor

plane, may now be obtained by M.fferentiating with respect
to z: ,

Qx “--- ““ ‘-”””- “
Lowp=&B=*

[.
W(Za) - UJ(Z~)1

and fo~the entire cylinder where Z: = - ~ and Z1 = o:

It is Impoz%ant to note also that at the point Ut Zn the
plane of the rotor lnzt beyond the blade tip-e, wlz~) =

W(zl) =Oand .

.

●

✎✌ ‘wn? =0 (3)— ..-.-—- ..,.

Thus we have eetabllshed the fact that the vor”tical com-
pon~rit of. induced velocity is constant over the rotor
disk since r = constant. Moreovor, outside the disk this
componant is zero. It should. aleo be observed. th~t, if
the point P is moved downward insida the vortex cylinder
to a groat distance from tho rotor disk, the solid angle
subtending it will become 4Tr, since the cylinder may
then be considered. doubly inflnito in extent. Consequent-
ly,

●

✎ ✎
✍ ~r

‘P = d~
—. (4)

thus cor.roboratlng. tho well-known fact tho.t tho slipstream
velocity in the plane of an alrscrew is half that at a
large distanco downstream.

To investigate tha general case of the induc~d. veZoc-
lt~ due to my distribution whatsoever of tho circulation
along tho blade, we may procood as follows. tlonslder a

.—
-—

.

.- .

*-.

. .
. .. ..—

8
—

,

. .
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‘blade element of length ‘dr at a distance r froti the
- axis, as” shown-in figure 2. Let the oirculatioq at r be
r. The circulation at r+dr will then he (l’+ ~dr)a

According to equation (3) the Indu;ed v810citles ~-
Q&l~ the respective cylindrical surfaces-will be zer~”,
whereas in.at~ they will be . “.. .

.
1 d(r + ~ dr)

w=-- 1 dr=-- — from r to
2 dz 2 dz

r+ar
. .

—.

..-.... .-
and .. ..,.

.[

.——
d(r + ~r dr)

,W = AdI1. _dr 1=2 dz dz
o from Otor”

..- - .. ..-._.-

these results betng ebtained by negleotlng the higher order
infinitesimals.

,. -. - -+
.

This simple.demonstration verifies the Independence
‘ Of .airscrew blade elements, which 1“s a customary assumptio-h
In tiodern airsorew analysie. ,.

.
Having obtained the induced-velocity relationships”due

to the vortex field, we will now derive a general .expresi- -
sion for the circulation r as a funotion of the ~l@e-
profile character~sttcs. Consider an element o~-k blade-of
length, dr at a distance r front the axih. of rotation..
The-thrust on this element will be . .

.

. .

w

,
.A

dT=p ~~rdr=~OL~ar8c dr
B

(5)

where 3 Is the number. of blade-s.”. .,.. “,-”-

c, blade chord
..

L Q, angular veloctty
.—“

Making the customary assumption that
CL varies line”&r&

with angle of attack a, we may write with the aid of fig-
ure 3: I.n’ -

,
.

. . .
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wh~re a. is the. lift curve slope for two-dimensional.
flow

6,” blade

Q* t=-l

Yrom equation (5)

r

—

incidence ~gle

= Induced angle of flow
&=n&

we ma$ now write tihe circulation as

Bc= —“so (g -Q) Q r~. (6)

The distance between successive turps of the vorttcal he-
lix is

.md since. U= & ..2.
fiz

we obtain from (6] that- . .
.

or

‘(~- cp)flr .“
2W =.:< -“-”’:‘*”: ““”. ‘- - ““””

2nv
E7

(7)

In this analysis we shall confine wrse~ves to the case of
blades o~conotant chord and hence the rotor solldlty, as
usually expressed, Is

Bc R Bc .
a.— =—

n R8 WE

Putting

.

. ..
.

..

a-

—

.-

.-

. :-

. ...

-.

*-
.—,.=-

“

.
1 ““

. . . ..
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equation- (7) becomes:

or

.

(7a) ,

The useful root of this quadratic is -. :.... _ .

w= Lp.3
2L8X ‘Jw+4(~j’] ““

D1.vlding both sides by u we obtain:

.“

. .

we have

~=*. [J(%Y +’(*)’”’ -+] -
(8)

which ia identical with the result obtainable by the use
of the momentum equation, i.e. , the lfactuator di.skll method.

.

It should be noted that equation (8) *S a general ex~ .
press ion for the Ihduoed flow tigle in terms Of the radius
variable x and the two parameters eu and a.. However,

a. is substantially oonstant, varying %ut slightly ~?t.h “
profile thickness and Reynolds Number. Thus, equation (8)
effectively gives , rpu as a function of the sipgle pa5ame-
ter 6C, which results in a marked simplif~ati.on of the

analysls as originally presented by Glauert (reference 2)4

In the first part of the previous analysls each-blade .-
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was replaced by a lifting line, i.e. ; r = Conatanti
The~efore, equation (6) may be written:

I’=~ao(6-T)~r=g! ao(eo-qo)QR

or (e - q) r = (80 - ~o) E

where 00 and W. refer to the tip of the blade, but

since ~ = w/f2r

(“-a= (’cm%):

9 e .. 52
● *’ x

‘?

.

(9)

This is the variation in e along the blade that is re-
quired to give constant circulation and uniform Induced
veloclty. Over the effective portion of the %Zade —

.

.

which defines the ecrew surfaoe described by each bladeg
if it were moving In a solid medium. Therefore, equation
(9) may be considered to repreeent the “oonstant pitch’1
airscrew, and the tiduced angle function becomes

For the type of rotor with untwleted “blades, i.e. , conetant
incidence

--—

.

—.—
..-

.
(11)

where ea = conetant

Thrust .- The thruet produced by the rotor may be qx-
preseed as follows:

.

.. -
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.

To determine the thrust in terms of the rotor parame=”
ters, we write: -

where CT is the nondimensional thrust cosffiolent.

or

0.”
.

~ Bc I? “a.=-

/

‘L(6 -Cp)naxadx
.. _—-..

0

J
1

,.CT =crao (e -q)xati

.
0

and dividing by #

~1
CT ,1

—~=a. (00 - @ Xa dx (12)

. 0
This new thrust coefficient will be designated as

For the constant pitch ro’tor

.

16
Tu = a. /( )“ -%. q-j xa &

x 0.
0

. ..

iii)

—

And for the constant-incidence rotor
. .

1

T=ao
f[

90 -
&/(%f+’(+)”’ux-% ‘a&)]

9

-—

0
.—

.

...
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and upon integrati-ng

2

()]}

ao

+ iE --ii-
(14)

where ‘= N%Y+’(’mT
!l?oraue.- The rotor torque may be written ae

Cq = nondimensional torque coqffic~ent -.

The torque may he dlvlded into three parts analogous to tho .
partition of drag on an airfoil. These are :

1. Induced torque . ●

2. Minimum profile torque.

3. Profile variation turque.

Tho Induced torque due to the inClin@J39_zl .C?~,&~Q.4$Z-. ...
foil lift vector, figure 3, is

fa~ =
/

g ~~ ‘RCL sin CP ilar= dr

“.
o

/

.,1
= ~ Bc R4 a. cp(f3- q) ~a X3 dx (approx. ) -

.
0

r
1

‘Qi =aao cp (6- q)) X3 dx

“.
o

The minimum profile torque is

.-

. --

.
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/

~R

Q8 = $ Bc 8~%”r3dr ““
.
0

.
1

/

b
= ~B0R44 $28 X3 dx

.
0

. . . . .

—

f

1
or

CQ8 =U8 $ dx ..=.’

6

where 8 =
CD

‘rein

-, .._ .._. .—

Aseuming that the profile drag-variation may- be ex-
pressed as .. -...

where E = const. -.—.

!Che profile variation torque may be written as

or

o
1

.=

-r

~BcR4e (e=~)as2ax3ik
.
0

1CQo .=(7C ‘1(6 - Cp)s X3 dx

o

..

.

I’or the constant pitch rotor the total torque coeffi-
cient may tie expressed in the new form to eliminate u as
an independent parameter as follows:

(15)
.—

0
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.

In like manner the torque coefficient may be obtained.
for the constant incidence rotor as

Q.(J=*

.4

-( )
a.

()]}A“ + ;+ ~d’
TA

where , as in the thrust equation (U-.)

(1’7)

.-

—.

- --

.-

. ..—

.-

.

●

. .

Fi~urq of merit .- Since for the condition ~f. st~t$C .
thrus;-the I.otmr is nut moving in- translation, the ordi-..
nary concept of ,efficlenoy must be modified in order tnrde-
vlse a method of measuring the “lifting efficiency” of tho
helicopter airacrem. Glauert in refs~nce 2 has designate~

“ and has defined itthis criterion as the ~lfigure of m-fjrit
aa .-

..—

.

.
--

9

—.
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-.

.

This expression may be arrived at by noting that

where P is the power applied to rotor;
the tangential velocity $lR,

and to eliminate
we may write:

@i/a cT3/a = ~,—=
P

‘Q

an~ in terms of the new coefficients

Mf

The theoretical maximum or ideal value of M would
occur If 8 and c were zero ant its value may be o13-
tained easily for the constant pitch rotor.’ Referring to .
(7a.), c

0,0 (ea - %0 ) = 8 q;.
o

*
and hence MtI = 2

The ideal figure of merit for the constant incidence
rotor is not a constant and cannot be easily o%tained as
an analytical expression. However, the numerical valu”es
have been computed and these are given later.
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Tho figure of merit may be defined on the basis of uni-
ty, as in the usual definition of efficiency by writing .

and this form will ho” used in the subsequent discussion-
.

EXPERIMENT.U DATA

In order to obtain the values of the airfoil parame-
ters appearing In the the~ry and to enablo the calculated
valuo”s of tho rotor coofficienti to be” compared with tests
on actual. rotors, two sots of tests woro made in tho 9-
foot wind. tunnel of the Daniel Guggenheim School of Aero-
nautics.

~ob~model tost~ .- Four .rotgr rnodols.haying tWO,
three, four, and five blades and a diameter of 5 feet,
were tested. Five blade+ and three huhs.were used. The
blades were identical and interchangeable thus making
possible the four rotor combinations.

.—.—

.—

.

- --
.

.

The %lades had the N.A.C.A. 0015 symmetrical profile
(reference. 4) and metie of 2-inch chord from” the tip to a
radius of 5 inches. From this point they were faired Into
a X/4-inch circle at a radius of 1.5 inches. The diameter
of the hubs was 3 inches. Eorizo”n.tal hinges were located
in the iub at a radl.us df 1 inch to permit vertico.1 @rtic-
ul-ation o.f the blades. A split sleeve with clamping screws

.-

at -the inner ond of” each hlad~ e~~led the blade Incidence
to be chcnged.” The bladb ‘plan ~orm” was straight ahd thor8
was no tvist. ..

In order to prevent any tendency to twist when In op-
eration, the %lades were Statically balanced about the
quarter-chord point by using a .s.toq,lleading edge recessed
into the laminated wood of the blade and the quarter-chord

——

line was radial. The bla~e tip in croqs section was semi-
circular.

The various rotors Were mowted on the frame of the
wind-tunnel tialance as shown in fLgure.4. The rotor drivo
shaft waa.”horizontal as shown, nnd was’ 12 inches lang,
terminattig.in a small .g~r 30X ati.the center of the tun-

.

.

3 ‘i-
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.

nel jet. This gear box was held ,by a torque tube support-
ed on a tripod attached to t~e balance frame an~” ex%-end%ng.
below the jet to a motor-driven worm and pi”fiioti,enEbIYii~
the angle of attack of the rotor to be varied through 360°.

Inside this torque tube ~ae the main drive shaft which
was turned by a l-horsepower 3-phaee induct,i.on motor-

.—

through a V=belt drive. Since all this equipm6nt *as -
mounted on the six-component balan–ce- frafie, It co”ns’ti.tued.- ““
a dynamometer capable “of meaeuring the thrust and” torque on
the rotor for any position of the model. . .

.. —..

The six-component balance of this wind tunnel, upon
which both the rotor and airfoil tests were made, is some”-
wh,at unusual in that it utlltzes a hydraulic method of
transmitting the forces to a central point mher

?
the~ are

automatically balanced. and Indicated prie~rnati-caly~- !lh~.,
..—

U frame which holds the model is held in place by six tubu-
lar’ struts, each of which terminates In a hydraulfc celz,
These cells consist of a shallow cylinder containing a
loose-fitttng piston. The l/8-inch annular space between
the piston and cylinder is cbvered wtth 0P020-inch thick
pure gum rubber, thus providing a tight but substatitia:ly
frlctionless seal. The cells are cornpletely-~illed w~t~ ““ -
distilled water and the pressure due to the force ap~lied
on each cell is transmitted through small copper tu~ing to
identical cells mounted on the frame shown in the rfg?i% -
background of figure 4. Here the forces are combined by a
rigid connection be-tween the pistone of the appiop”~~a%e” ““
cells so as to give the total force. l%e~e’”fo-rcbs ake--tn
turn applied to the pistons of pimilpr cells actuated %,Y
air, and the pressuresin these ,air cel~ti ar~-co%%ro~e’~
automatically by means of special piston-ty~e valv”eG which
apply either pressure or vacuum to the cells, dejefidtn~
upon the direction of the forces. Since th~ pressutib”in
each air cell at any time is a measure of the partloulai?
force applied to it, these cells are tapped ana the pree-
sure transmitted through rubber tubing to a m~n~foid whTGh
is fitted with six valves. From this manifold ario~h”er %uh-
ber tube goes to an additional cell unit of the same” t~e
mount”ed on the platform of a dial scale= Thus a single
operator may read, all the forces in any des-tred sequefick

..

by opening the appropriate manlfola valves. The sensitiv-
ity of the kalance caq be changed by substituting balanc-
ing air cells of different, sizos o.r by using wate%or a,l-
cohol manometers “in place of the dial scale. -Forc6d ai5

.—.—.

small as 1 gram or as large as 150 kilograms caa be meas-
ured with the present arrangement, This range could”oa-si-

-.
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ly be oxtendod. The system is practically null in opera-
tion, sinco the maximum movement otithe balance frame Is
no,ver greater than’ about l/64 inch.

9!he %alaace has proved quite satisfactory over a peri-
od &three years, the only attention necebsary bef.ng an oc-
casional replacement of the rubber portions of the M.a-
phragms and cleaning of the piston valr~s. It h-a+ proved
to be convenient and flexible in its operation, since it
not only enables a single operator to make all ordinary
tests but””it is also possible to move the indicating mech-
anism wherever desired.

The .averago rotational speed. of the model ?OtOr@ vss
approximately 960 r.p.m. This vartod slightly with the
humber of blades” and with the incidence becauso of tho In:
duction motor sllp and the creep of the bolt dri.m undnr

.. lead., but not sufficiently to cause an appreciable change
in Reynolds Number. The speed rea~tngs wero ohtainod by
means of an ordinary hand tachometer and stiop watoh, tho
average of three 30-second readings be$ng used.

●

. .

.

In order to obtain consistent and roliablo thrust and
torque readings, it was found that corkain precau.tionia had
to bo taken. ‘It was necessary to set the .blade-inoidence

:
●

angles within pluq or minus 0..05°S !Wis Mas f.2naUi.ascorn: _. ._
plished with tho atd of the &~.aratus shown In figure 5.
The rotor hub was clamped rigidly,,to a horizon-tal suppqrt
and the tip of each blmde in tam was attached by a special
olamplng dovitito a sensit5.ve inclinometer mcunted Qn ball
bearings and counborweightod so that It imposed no restraint
on tho flexible blade. Tho Inolinonater was sensitive to
w.ithln ono minute of angle.

There was found to. bo a sltght lack of uniformity in
tire blades due to warping. Since, for uniform resulm-it
was necessary to set the blade angle with respect to the
zero thrust angle, the thrust curves of each blade were ob-
tained ~y running them singly .wfth a %alanclng counter-
weight ● Two of the blades showed no effective twist and
the worst one had a twist of 40 minutes. In maklzrg”tho fi-
nal tests these t-w-istcorrections were used in setting tho
blade angles.

Various positions of the modol with respect to tho
tunnel wero invostigatod and the-final position choson was
that shonn In ftguro 4, with tho”wlipstioam toward the loft
since in this position ,no intorfortico effoct~ wero appar-
ent.
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.

Tho prociston of the measuromonte was as fOl!oWS:

Thrust. . . . . . . . *1 peroent

Torque . . . . . . . *1 percent

Minimum torque . . . +2 peroent

Rate of rotation . . ●*.por.oent

Blade incidence angle +0..05°

Airfoil tes~.- In tho above msthematleal analysls,
the airfoil profile characteristics of the rotor blades
were assumed to be as fbllows:

o~ =aoa

CDO = (3D +caa
‘rein .

where a is the effective angle of attack of the airfoil,

In order to obtain quaatltative results from the the-
oretical equations of thrust and torque, it was necetssarv
to-determine specifio values of a. and CD both of

‘rein’
which are functions of the Reynolds Number. This was done
by testing an airfoil of N.A.C.A. 0015 profile in the wind
tunnel at approximately the same Reynolds. lhunber (242,000)
as that of the rotor-blade tips. This airfoil had a span
of 6 feet and a chord of 6 inches and was mounted In the
wind tunnel as shown in figure 6, whloh is a vtew of the
set-up looking in the upstream dlreot$on~

!l!hemodel was supported on a streamlined fork located
at the mid.span and quarter-chord point and on a emall oval
rod which was conneoted to “a short sting attach~d to the
trailing edge. This latter rod. was actuated by. a push-
PU1l rod sliding inside the torque tube which held the
fork and was attached to the balance frame. The push rod
was actuated by a eecond motor-driven worm and’pinion mech-
anism permitting remote control of the angle of attack-
The angle readings were effected by means of a simple di-
rect-current bridge system with the galvanometers” and the
adjustable leg of the bridge mounted on the balance-control
table.
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The hale,nca frame and tho model-supporting tripod ware
sh~elded “as shown to reduco the ta,ro forces. Those taro .

forccts wore measured with the modal supported at the tips
and with the fork and incaldence rod, in place but not touch-
ing the airfoil and were found b he zero for. the lift and
about 60 peroent of the minimum profile- drag.

The air flow in the jet Is reaeona%ly smooth and uni-
form owing to the. 5 to 1 contraction in the colleotor.
The variation of dynamic pressure over the span of the mod-
el is within plus or mims 1 porcont. As previously men-
tioned, the jet is 9 f“eet in diameter and 12 feet long,
and the model IS located with its quarter-chord point on
tie l.ater~l axis of the Balance, whic!h is 3 feet downstream
from the 6ntraace cone- . -.– ... . . .. . .

..—

IZL these testB the dynam~c preseur~ was held constant
by mesas of an alcohol manomtiter cbnn~ct”ed to four static
pl~tes located in the large section of the entranoe cone,
the static plate prassur~ having been previously calibrat-
ed ngalnst pltot surveys made in the model position.

The precision of measurements in tho
was as. follows:

Lift . . . .-. . *1 percent

Drag . . . , , *1’ percent

Xinimum drag .. . *2 percenb

Vcloclty . .. ... ** percent

Angle of” attack +0.05°

airfoil tests

—
—

.

.-

___

Rodu~ion of-.- dn~.- The .farrnulas used for reducing %Jae. _
thrust rmd torque measurements frcm the four rotor komts
are as f.ollowsl

.

. . .. . .-
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. The ‘thrust and torque-coefficients CT atid CQI, re-
.,

spectively,. are pletted.againet angle of. blade incl-dence
in figures ‘7and 8. ..._ ... .

Reduction if the data from the airfoil tests requires
an Interpretation of the wind-tunnel jet boundary esfects.
A study of the,data revealed that the interference of the
balance shleldiqg was appreciable and, in an attempt to
evaluate this interference, the work of Tanl and Taima
(reference 5) on the boundary Influence of partial enclo-
sures consisting of circular arcs, was consulted. It ap-
peared that the balance shield~ng had an effect e~uivalent
to an &rc enclosure of approximately 145°, which results
In a zero” correction for induced drag ~“& angle of “a-t%ack
but a balance alignment correction ,of about 0.30° due to
thq upward inclination of the air stream produced by”l%e
boundary. This alignment correction was, therefore, ap-
plied to the original force test data. The results were
then corrected to” infinite aspect ratio hy,the ~stomary

.

formulas (reference 6). However, a small asymmetry re- .
matried, the inverted tests giving slightly higher values
of lift and drag, and’it was therefore necessary t“o draw
an average curve %etween the points. Fi@re 9 chows
these final curves with the minimum” drag coefficient 8uh-
t,racted from the total profile drag to give the profile-
drag variation curve required for thq- determination of E.

. ..-. -.-

—

COMPARISON OF THEORY AND EXPERIMENT

Thrust.- The experimental values of the new thrust
coefficient TO are plotted against 90 in fl@.re ~0.

This ftgure shows at once that the assumption ofian infi-
nite num%er of blades and the elimination Of U“ a“s.an

..—

Independent parameter are fully justified since the points
for the four rotors of solidifies 0.0424, 0.0636, 0.0849,
and O*1O61 all fall very closely on a qingle curve wtth
the exception of the high incidence values where the pro-
file lift curpe no Ionger approxi.ma~es a straight line.

In figure 9 it will he seen that a mean Yalue Of the
lift-curve slope for “infinite aspeet ratio is 5.75 per
radian. Using this value in equation (14) the theoretical
thrust curve, also shown in figime, 10, wak obtained and
indicates a fairly good agreement between theory and ex-
periment except for small values of 6C.
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Toraue. - In order to obtain. a single curve to doflne
the static torque characteristics of the helicopter, It is
evident from equations (16) and (17) that we must plot

Perim-tal values Qct are plotted wainst .%a -~ hero

again we find that the poig$e fog the @$ffere@$ ro..t.or.!
fall on a single curve with the e~eptions notod above for
thrust.

In order to obtain the theoretical curve, it is nec-
eseary to determine the value of C, the coefficient of
prof31e-drag variation. This value, as shown in figuro 9,
is 0.75 a% the Reynolds Rumber of the blade tips. This
figure sho~s also that the assumed parabolic variation of
profile drag is justified, at least f’o” this IZeynoldh
Number. . .

Using the valua of “0.75 the torque coefficient curve
was obtained as shown in figure 11, This curve falls be-
low the experimental c-urve, bukby increasing c to 1,25,
excellenti agreement is obtained,

A careful analysfs of the assumptions has rovoalod
that the only one which night account for the thrust and
torque discrep~cieg is that of neglecting the slipstream
contraction but further study IS r~quir~d on this point~

As n matter of interest, the experimental values of
thrust and torque are plotted against each other on loga-
rithmic paper in f$gure 12, and indicate that the follow-
ing simple rolatlon holds quite closely ?or the model
tests:

Qu J = O*72 Ta3’*

The thrust -d torque coefflciente are a~so-pl.atted on
rectangular coordinates In fi~re 13, .These results show
that the theoretical values of thrust are constantly htgher
than the experimental values although the curves are of the
same general shape. The approximate equation gives excel-
lent agreement with the experimental curve up to a Q(T1 of
about 5. Beyond this point the approx~e values of
thrust exceed tiho experimental values by an incretising
amount .

.

..—

.—

.

. . . .
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ANALYSIS 03’ PARAMETERS

.

.

.

In the past the lqter~retatlon o-fhelicopter q.l_r_eerew-
model data has been made difficult and uncertain because
of large scale effects. The magnitude of these differences
due to scale may he judged from figure 14, whichgiv,es the
curves of figure of merit M VS., blade-angle factor e~ ,
for both mo”dol and full-scale conditions. T4e solldity
chosen u = 0.06, is approximately a median value for ex-
isting helicopters and autoglros, and the method used to
o%tain the data for theso curves mill become apparent in
the subsequent discussion. It ehould be qotod that the
Reynolds IIumbor rango of the blade tips of existing holf-
coptors and autogiros is approximately 2.5 X 10s to
3.5 x 106.

Fortunately, tho theoretical portich of this invosti.-
gation has revea,lod the existonco of certain parameters - .
that aro functions of scale and the values of these corre- ..
spondlng to,,any Reynolds Humber may be obtained fron suita-
ble airfotl tests. These airfoil parameters are:

a. Is the slope of lift curve for two-dimensional flow.

6, minlmun profile-drag coefficient.

6, profile-drag variation coefficient
●

Lift-curve slope, so.- For two-dimensional flow the.-— .
slope–of the lift curve varies slightly w~th ths”-Reynolds
Number and also with thiokness and canber as shown in ref-
erence 4Q However, inspection of this reference and fig-
ure 9 of this report, indicates th.r.t .ao = 5.75 vOry
nearly for both model and full-soale Reynolds Number, ‘More-
over, for different airfoil profiles within tho convention-
al thfokness and oamber ranges, the variations in a. are
negllgl’ble . Thus, no appreciable error may be-pxp_eoted in
assuming a. = consta = 5.75.

This conclusion enables us to derive the full-scale
curve of thrust coefficient Ta vs. blade-lncidenoe fac-

tor 6.. However, it should first ba recalled that flguro

10 shows am ~pprociable d.i.scrop~cy between tho theoretic-
al and exporlnental ourves for the constant inoidence
typo of rotor four 6a < 3.5. Gonsoquontly, for the snko



of accuracy, the fairod oxportmental’.valuos should ho used
over this range. Nor 6a > 3.5 the theoretical values of

T~, equation (1.4) must be used sigc,e beyond th-is point

stalling of the. model rotor blades begins to- occur for the
rotor of solidity o = 0,04-24. In o~der to Justify this
use of the theoretical values, one experimental poinb from
the single-blade rotor teets, a = 0.0212, is plotted in
figur%lo, and this falls ~ery close ho the theoretical
curve at 6T= 4+30 In figure 15 the modified thrust co-

efficient curve thus obtained is plotted on logarithmic
coordinates since--this form gives approximately constant
aocuracy for reading values from the curves.

As the incidenoe of -the blades ie increased a point is
finally reached where the blades.begin to stall. In the
experiments this condition could eaeily be detected-by the
loud ruaring noise that resulted. However, even before
the stall occurs the lift–curve depar~ su~clqn’tly from
a straight line to cause apprec.iab.le .diverg-e-ncefr!lrn.tk$!.
theqry and it is, therefore,

.-—
necessary to determine ‘this

limiting value of blade incidence. Referring to equation
(7a) , we note tlmt

or
..

6a - 26.+aa-z~.o
%. a

-.

anii E
1

a ao~
=“cL+— —

x B .“

Insp.ectlon of.-the derivation leading to equatl~n (8)
indicates that, for bath constant-p:tch and constant.-i.nci-
dence rotors, sklling will first-occur at the blade tips,
i.e., x = 1, Hence , the desired limiting value of tip
Incidence is

r

.-
.. a.

00
--

=a+ “a—g
8

where cc is the absolute angle of attack (radians).

A study of the airfoil characteristics given in ref-
erence 4 shows that the value of u at which the profile-
lift curve departs noticeably fpom a straight line, is

--
.

.

--

.

●

.

.-.

.-

.

.

. . . ,-
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about 14° “for practically all airfoils having thicknes.e
ratio not lees than 0.09. Thus , for present-full-scale
liftihg airscrews,. we may assume that

GO
= ‘*25+ M’ ‘ -f”- -“

or

/

.,. _ .:= .———

6 .?+ y%
Do

The limiting values of 13ao derived from the a%dve

equation are eh~wn in figure 15 for different ,soli-dities”
and are aleo indicated in all the figure-of-merit curves-

~~file-&rag variation coefficient. 6,- In preeentigg

the experimental torque data in ,,theform of the new coeffi-
cient Qa~ , mention has already been made of th”e fact that” –_-_

(
Qat = Qa - ~) = ,f (so* %)

But .Qat Is composed of two parts F.s indicated in equations
(16) and (17’). These are the “induced torque” and the !rpro-
file-varfation torque, liand In the latter the qwtf.tY. C
appears as a coefficient. !I%tivalue of this coefficient
for the motor-model teste was found to he 1,25 as shown In” ““-”
figure 11, although the ’atrfoll tests Indicated a value of

‘“0.75. (see f~g= 9.) This discrepancy is partly due to th”e
lower Reynolds Number At which the inner portions of the’
blad~s were., operating and pro%ably also to the large inward
r~dial velooity components near the tips. that have been
neglected in the theory. To account for th~e difference,
‘we may write:

E = Kcr.”

where c is the profile torque .variatior+ coe~ficient

&l, profile drag variation coefficient
.

r a 1.57, correlation factor

Since no suitable full-ectile test data-on lifting airscre~s
are known to the writers, we shall assume tha’t’”K. te ln-
deyendent of scale. On this basis the full-scale value of
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6 may be estimated from the lower curve of figurg 9 which
was obtained from reference 4 at R.N. = 3.5 X 10 for. .

the N.A.C.A. 0015 airfoil used la the rotor modole. This
value Ot”-zl appears to.be about 0“-18 tind he-tice c =“-0=30
should be a fair. representation of the coefficient for ex-
isting full-scale rotors.

In estimating the full-scale torque coefficient Qat,
figuro 11 indicates that the theoretical data may be ox-
pocted to give good accuracy. Hence the theoretical val-
ues fcm the constant-incidence rotor’have been computo~.
using c = 0.3 and a. = 5.75 and yield the torque curvo

QU1 Vs 9 ~a given. in figure 15! -. --- . -

Variations in C with camber aro greater than thoso
,with thickness but in general both are small enough to ho
neglected.

Minimum prof ilo-drae coofftcient. 6.- This coofflciont

appears in the form
?

in equations (16) and (17) and is
; .-

obviously constant for a given rotor, The torn ~ Sa
au

the mtnimum torquo and is obtained when the thrust ie sero. .
The value of 8 obtained from averaging the four rotor
model tests was 0.0115 an”d from tho airfoil tests was
0.0113, a surprisl.ngly good agreenent.

!l!hedetermination of full-saale values of 8 presents
some difficulty due to lack of agreement between the re-
sults of diffarent wind tunnels. Recent large-scale pro-
file-drag tests made at the D.V.L. (reference 7), seem to
Indicate that the values of t3 obtained in the N.AeC.Aa
variable-density tunnel (refarence 4) are too-high due to
tip effect and relatively great surface roughness. Until
such divergences can be reoonclled, careful judgment will
be required in the estimation of 6 for a given airfoil.

Minimum profile drag ia a function of camber as well
as thickness, but since airfoils suitable for use in lif’k~
Ing airscrews muet have small cambers to prevent undue
blade twist and possible flutter, we may neglect this 8f-
feot .

~imre-of-merit cars!U.- 4 OtudF of the 8ffocte. af
varying the differant parameters can bo nado with the afd
of curves of figure of merit M, plotted against blado-
incidenoe factor ea. Recalling that .

.—
.

.—
.
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we note that

1 Tc=/a
M=-—--

‘.““ 2. ~
.,. -..— - - -- .- . . . . .

1
qd~”,,-,.. -----

=-
2

~“~ + Qa~

M= f (cl -%0 em), assuming variations in
AU- - ,. .-..-—

a. to be negligible.
.._.—

. The effect of ~ upon M for the congtant-ipcidence
r-otor may.tbe judged from figure 16,, which was computed” f-rem
the estimated full-scale data of table VII. Valties of 6
of 0.1,’ ,0.3, and 0.5 and a range of 60 from zuro to9-arO
shown, and median values of the other parameters were used.
In this and subsequent figures the curve of ideal ,figurp of .—

merit MI , is. included for comparison. .
.-

It is interesting to note that c has practically no
effect up to Ga = 1.5. Hoyever, at 60 = 4.8, which ie

the upper limlt of a. = 5.75, for ~ = Cla06’ an appreciab-

le divergence is evident. The curve g = 0.1 Will doubt-
less never be reached unless very much larger rotorq than
now exist are developed; whereas c = O-6 is representa-
tive of small rotors such as might @e used as test rnod~ls
in a large yinttunnel. .

In figure 17 similar curves are. shown for 8 = 0.0.06,
0.009, and 0.012, computed for the median full-scale value
6 = 0.3. Here the lowest value”of 6 repre.sents.”a.large
rotor with a thin blade profile, and,the highest,, a small *
rotor with a thick profile= The value. ~ =“0.009 repr.e-
eents the probable full-scale median. Comp&r~son of f+g--
ures 16 and 17 shows that fbr 6a > 3.5, c has a grea:ter ““

effect on M than 8, whereas for 6aC 3.5, the reverse
is true.

An idea of the effect of blade twist on M can be ob-
tained from figure 18 for the two cases 6 = cbnstant and

e ?Q= x (constant pitch). Since no suitable experimental

data are availablo for the constant-pitch airscrem of”con-
stant chord and profilo, it wae necoeeary to compute the
curves of figure 18 from tho theoretical thrust and torque..-—
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equations. ‘The ~lativ~ values of M for the two types
of blade should %e given reliably by these ourves. It
will be noted that the ~oenta~e inorease In M of the
constant-pitoh rotor over that for the oonstant-inctdenco
rotor is greater for small values of e~ and tho ratio of

the values of &ax is aBout 1.07.

Tho thoorotical Ideal figure of merit MI* for the

constant-pitch rotor has already been shown t.o be a con-
stant and equal to unity. R’or”fiho constant-inoidenco ro-
tor, MI , is not exactly constant, hut Incrcmses slomlY
with 9~. This vnriatlon is so small, homevor, thnt MI =

0.94 = constant may be considered a satisfactory ropro-
sontation. The curve of MI calculated from the. modifiod
data of tablo VJI is Included in the figuro and shows a
largo dovi.ation from this theoretical. value at small ~al-
Uos of ea.

In connection with figune 18 it should, of courso,
bo kept in mind that tho ourve p = constant represents a
difforont %lndo twist for each-value ofi ~a. If tho blmdos

wore momely turned as a whole without chango of twist, tho
‘values of M wbuld lie somowhure between tho two curves.

Tho foregoing apalysis .of tbe effect of ~h~ging the
blade parameters clarifies .domewhat this phase of the lift-
ing.airscrew problom. However, there still remains a need,
for more consistent and extensive large-scale data on tho
characteristics of airfoils suitable for lifting ai~scrowe-

Having established .full”-soale valueE! of the P@rQmQte?@t
it Is now possl%le to construct a general figure-of-morft
chart from which, together with f.i~re 15, the hovering
characteristics of any constant-chord and incidonao-lifttng
airscrow can be quickly derived.. This chart is shown In
figuro 19 and is bas~d on the following parametric values:

a. = 5.75

6 = 0.006 and 0.012

~=0 to 3.2
4CJ

.- ..-

.

.

.

.

.

.—_
.

..
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The narrow cross-hatched band in th~s fl&ure represents

the region of %ax (limit of a. = 5.75) for different val-

ues of 8 and a. This region indicates the sign3fic&t ‘ –
.—..-

fact that the “lifting efficiencyll of all roto~s qf this
type will be very nearly 0.80 with extreme deviations of
+0.04. The moat efficient rotor for hovering flight should ..-
obvfously have a large solldlty,and a small-blade profile
drag, but the small solidity ,ro~ors essential ~or eff~~~-~~~
for\Tard motion would not be greatly inferior when hove?.1-n.g~ ..

As a matter of theoretical interest the curves of MI
and ~ = O are Included in this chart, and all the Curies

are carrie~ up to
--.

6.=9 for the same reason. 1: thi-s

connection it-will be notied that the full-scale lf’m-it””o~
-—

a. = 5.’75; i.e., a =“ 14°, enables the maximum valu~” of..
M to be very nearly reached in most cases.

.——
—- .-

HOVERING-FLIGHT PERJ?ORKA.NCE
.

.
The hovering-flight performance char.acterietics Of *Y

helicopter may bs readily determined by the.siwple method
developed by Glauert in reference 2. Thi6 method-,h_as been ““””—
somewhat modified by the writers and haa been” feducod to
two simple charts from which altitude porfor”man-c~ c~n ~e
easily calculated.

Th~ figure of merit may ho expressed as ..-

lT [’ .21?
sla ..

M=-—
% - (i9)

2 ~Q p7TR ‘r ““” ‘“-””” .-

vhoro !ilQ Is the power required. And by analogy ‘i?omay
write:

:FL/T7F““”-”-”“2’I=lW (20)

whore Pi = ?l P is the power available at rotor

an a

P, power of motor

II, efficiency of drive system

W, weight
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The factmr 11 is very nearly unity fur ordinary prq-
pulslve airscrews, but for the lifting alrscrew it will
vary considerably, depending upon the,type of drive used.

.

From the above expressions, it is at once apparent
that for hovering flight. .at a given altit~~e . -

which is the ra,tio of power available to power required,
and that hovering flight is therefore possible only when
~{~x

●

The exproeslan for M also shows .that for a given
thrust, the power required mill be lnversq~y proportional
to tho r~dius R of tho rotor and, consequently, far max-
imum economy the rotor should bo as large as possiblo,

Using the subscript zero to denoto sea-lgvol condit-
ions,

--
.

M

f

p?. ~
... ....—

~=m
= fl(m) f*(H) (21)

P .

and adopting the relationships for power and density vari&-
tion with altitude given by Diehl in reference 8, figure
20 has been prepared by plotting M/N. Ve. H.

Since for hovering flighti M . N, the following rela-
tionships at sea level may be obtained from equation (20):

ITR
*

(22)

In this equation two loading factors are apparent and these
will he designated as

(M:!) the l’ideal-effoctiveU power loading
o = lP’

(%=1) s’ the rotor disk loading
’119

—

.
.

Thus equation (22) becomes

.

—
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(23)

anL thts relatlonshi.p is-plotted In figure 21 Zn terms of
engineering units.

!I!heconcept of an Ilideal effectivetl power loading is
useful in that it makes possible the ~i~ple relatio~ship
of equation (23) and the single curve of figure 21, which

..

is perfectly general. The fo.rrn_ofthis fic.t,lti.ouspower
loading shows that “it.merely signifies a higher value for ““-- -
actual rotors and, therefore, an inferior performance as
compared with the Ideal case of M1 = 1.

Tho power ratio for hovering flight..may now be ex-
pressed .in terms of the loading-fEcKore as’ follows: .

.
. .

— (24) “-
..—

.

Determ~ati,on of the, rotor tip speed can be made quite
simply. If we write that .—

T!
~T3/a .

v. —- ..
~ = ~=~ R & “,

sad
.

(’)if “ “U Ta

~/ = MS2R-Qa.,

~ T&s
but remembering that M = ~ -we obtain “-

Qu’.
.

—-

(25) ““--

and since for a given rotor and “blade angle, d and To

are constant, the tip epeed is inversely proportia.nal !O the _
llideal effectlvel: power loading. . “

.

&J.titude performance calcula tlo~ :- ,The following sfm-
ple expressions, converted to engig-eqring units, enable the
calculation. of ‘the performance paramet~>s by means of which,
with the curves of figures 20 and 21., the hovering perform-
ance characteristics of uy helicopter may be determined.
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0Lp=w in lb. per hp.
sfiF

‘e= (*) in lb. per sqaft.

&=
No --%78

Lp L~

(A)

(B)

(c)

1100rm=— in ft: per eec. .
Lp(a Tal’H

(D)

Tho followi& example is included to show how the
method is used. Since adequate data on recent constant-
chord-,helicopters are not available, the C 30 autogiro has
been selected for this purpose. This machino has the fol-
lowing approximate characteristics:

Rotor radius, R . . . . . . . . . . 18*5 ft.

Normal loaded wolght, T . . . . . 1,800 lb.

Assumed effective power, Pi . . . .. 120 hp.

Solidity, ,c, , . , . . . . . . . . O*O5
.\

Minimum profile-drag” coefficlont, 8 0,008

1. “The value of M can be determined from figuro 19,

elnce .&- = 0.8,
4 Da

and is seen to he 0.81 at a blado inci-

dence factor of 9C = 7 or a blade Incidence of

= 20.1°

2. The sea-level minimum loading factore will bo

Lpk =
(

1800 “

)
= 18.5 lb. per hp.

0,81 X 120

Le =
1800

—~ = 1.68 lb. per sq.ft. ‘“
1 n 18.5,

. .

.

-..–

.
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“h. 31
“\

3. The power re,tio~from equation (C) Is

h! 3a “—— = 1.59
<= 1la

18.5 X (1.68)

4, Tho absoluto ceiling for hovoring flight oan ho
obtainod immediately from figuro 20, as Indicated by tho
dotted lines, mnd is

HC = 8,700 feet for M = 1.59
~

Tho maximum load that can be sustained at soa level
(nogl~~ting ground effect) IS obtained by noting fn fi.guro
21 that the upper limit of disk loading L8a, which. occurs

at LPL = 18.5, is 4.2 and, therefore, ——.——

.

6, The minimum rotor power required at sea level (neg-
letting ground effect) is also obtained from figure 21 in a
similar fashion by noting that the upper limit of power
loading ‘Pa’ whioh occurs at L = 1.68, is 29.3, and

——
s~ .

therefore,

7. The rotor tip speeds corresponding to the maximum
and minimum loadings are obtained from equation (D). The
thrust coefficient must first be obtained from figure 15
and for a = 0.05 is found to be 9.0. Thus, for

‘% =
18.5 corresponding to Wmax = 4,500 pounds.

S)R =
1100 — = 396 ft. per sec.

18.5 X 0-05 X 9*

and for ~a = 29-3 corresponding to. Ifmin = 1,800 pounds.
.

..

.-—

r2R =
1100

= 260 ft. per see.”
29.3 X 0s05 X-9* ,. -+—— L

-.
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CONCLUSIONS

The follow5ng conclusions can be drawn from the re-
sults ~f this investigation on the lifttng alrscrew~

1. The vortexconcept used in deriving the expression
for the axial induced velocity yields res”ults identical
with t~ose obtained by the use of the momentum equation,

2. The experiments amply verify the theoretical con-
clusion that the eolidtty can be eliminated afi a separate
parameter insofar as thrust and torque are concerned. If the
minimum torque 1s gu%tracted from the total torque.

3. The experiments verify the assumption that for a
given solidity the results are independent of the number of
blades,

4. The theoretical equations disclose the oxlstenco “
of certain airfoil parameters with the aid of which SCa10

offoct can be accounted for qui+ru B~Mplyo

5. Gonoral full-scala curves of thrust and torque for
the constat chord and incidence rotor can bo estimated
‘with ronsonablo..conf3.donco by a judicious combination of
the thqorotlcal nd e~erl”mo”ntal datn of this r~port.

6- In general, it appears thu%hQ optimum flguro of
merit for the full-scLzIo constant chord and incidenco rotor
may be taken qs 0.80, and,for the constant chord and pitch
rotor aS 0.85 with a’probable maximum error for extreme
cmsos of not more thnn ~0.04.

7, Helicopter ho~ering-flight performance can be rnpid-
ly do*ermined_by means of the two simple ceiling and loading
charts of this report when the figure of merit and thrust
coofficiont are knowna
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TABLE I

Helicopter Model Tests - Static Thrust

..—

2-blade rotor, a = 0.0424 ..

. ——

%

——

%’.—.
0.

*04

.23

1.09

2:73

5.06

7,65

10.09

6°

0

1

2

4

6

8

10
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--—

----
Go

Cqt
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) J
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.000083

q000208

.000386

,000583

.000770
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.000280

.000873

,00248

~00442

~00650

~00847

,00990

‘Q.

o,),000108

.000111

.000125

.000191

.000316

.000494

.000691

.000”878
—

o

~156

~485

1.38

2.46

3.61

4.70

5.50

1~41

1*45
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2,50

4.14

6.47

9,06

,1.50

.41

~82

1-65

2m47

3,29

4.11

4.94

TABLE II
——

Helicopter Model Tests - Static Thruet .

3-blade rotor, u = 0.0636

Tu

o

,252

~736

1.35

2.06

2.78

3.38

CT

o—

,00102

~00298

.00548

.00833
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Qo
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I

.000021

.000300 I .000115 1,10

1-64
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2.74

*000474

.000735

,000289

.000550

.001048
I .000863

I.00135’7 . .001172
i

3.29



N.A.C.A. Technical Mote No* 626

TABLE 111

Helicopter Model Tests - Stat3c Thrust
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- .—

0

1

~

3

4

5

6

7

8

9

10

11

12
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,— ——

4-blade rotor, u = 0.0849
—

CQ

0.000268

.000274

.000300

.000338

.000410

.000499
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Q
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T~BLti IV

Helicopter Model Tests - Static Thrust

5-blade” rotofl, u = 0.1061
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TABLE V

N.A.C.A. 0015 Profile Characteristics

6- by 72-inch airfoil R.N. = 242,000

am

.—

12.65

1,1.55

10.60

8.70

6.95

5,30

3.65

1.95

.25

-1.45

-3,10
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-6.40

-8,10
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—.— — —

(Position A.)

CL
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TABLE VI

N.A.C.A. 0015 Profile Characteristics

6- by 72-inch airfoil R.N. = 242,000

(Position B)
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TABLE VII

Helicopter Static Thrust

Full-scale data (est.)

conet. , B = m, a. = 5.75

Ta

*C)

*.212

*.638

*1.83

*3.20

4965

6o14

7,64

9.18

10.74

12.34

Coeff.
of 6

0

.005

.040

.265

.754

1.54

2*67

3.70

5R33

8,13

10.71

%i

——.—

0
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,341

1,42

3.13

5,38

8,09

11~28

14.84

18.30

23.05 “

—-

Qcf
e = 0.3

0
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1.50
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5.84

8.89

12.39

16.44

20.74

26.25

0.680

.74.8 .—
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:-

.936

.936

.936

.938

*Points taken fram faired experimental data on four yotors.
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TABLE VIII

Theory - Static Thrust
f

6 = const. , B = m, a. = 5.75

E = 0.3,

Coeff.
of c

o.

.005

:040
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5,33
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i
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4 a“

Qu’ . ‘

E = 0.3

0
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20.74
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Qa .

--% = 0.6
4U .
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2,10
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21.34

26.85

40

.

M MI

3. .

.100 0.938

.334 .935

.634 ,937 . .

.745 .943
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,807 .945

.813 .938

.816 .937

.806 .939
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TABLE IX

Helicopter .,Theory ~ Static Thrust

P = cons~., B = CO, a. = 5.75
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15.52

21 Q40

28.(30

35.3

43.1

%

E =0.3’

o

.163

.734

3,02

6,63

11~42

17.28

24710

31,88

40,58

50.00

0.600

.763

. 1.334

3.62

7.23

12.02

17.88

24.70

32~48

41.16

50.60

—

M

1

.214

.521

.782

.843

.859

.865

.865

.860

.856

.851



N.A.C.A. Technical Note No. 626

z
I /

Y“

b’-----——--- ----
LJ

r.—

.

,.
r ‘-.

I -----_ /__j_7’z___---~!’! /

I
4Z

,====$.====:=.:.,y
I-- -4—

--:-”1

1

--—- ---
----- _ __ -—--r--

-—.

.

.

Figure 1



.

.

.

.

.

N.A.C.A. Technical 626 . . .._..._srig. 2

r r+dr

.

I

1’11’1 :

‘IF
—dr— .._

,

Figure 2.

1

1

,

I

I

1

I

●

I

1

II

.——

. .

....

.
.

. .
.T4

- “i,
-.

-4

...-

.— . . ..
- :.

.



, . , , . ,
,

-——~ nr

w

Figure 3.

,. ,,, ,,.. .



●

✎

●

.

*

W.A.O.A. TeohnioalMote WOO 686 rig8.4,5,6

‘---=-q

Figure 4.- Threa-l)ladedrotormounted Figure Ei.-Rotor model mounted on blade
on wind tunnel balmoe. inoldenoe Iig.

~igure 6.- Upstrenmview of ●irfoil mdel mounted for foroe tentn in
9 ft. wind tunnel.



.A&C,A~ Tecnnlcal ?SokeNo: 626

.018 /

.

Figw “e 7.- Rotor thruei curv(3s.

Pi.
● U’A

o 2 b:.edeB s~q ‘P4
x3 II .04?#b d
+4 II .O*‘wi
A5 11 lb,;f

● r
*- ‘—

n7n

-. —.— .——

.

CT

I

+

.

.

.

I

—. —— .

.



.

.

.

.

N.A.C.A. Technical tioieNo, 626 “--Zig. 8. -.—
.

.

R’igt-re 8. RLtOI torqx .e cum ea.

me –
——

.

-.—-- -—. .
+=i II

A5 “

-- -- .- —..

+363s ““

C(j—.- -,—

—.

I

●

..——

.

.— ..—

. .—...— .—

——— -— — -—



NiA.C;AL Technical Note No. 626
,9

I

F@ ,re 9.- N.A.C.A. CC15
charecterietics.

I-1. /1 i
1

0 1!Airf il no mal
x II in erted L/ I

+-i--i



.

.

.

.

N.A.C.A. Technical Note No. 626 ri~
Y

n-u

Figur3 lo.- Rotor thrueh.
New c)effic\ents.

m

❑ lb:.ad”e
02 “
x 5 II

+4 “
As ii

P / ‘

03
6,

(T. 1 eory ~.Q = b , 79)

/“

m

Td
//

T

,

i
I

o

,



.

M:A~C?iA,Tech.nioalNciteMoi 626 rig, 11

0

a

A

02. blades

X3 II
+4 11

(tneory C=l.25)

(tdeory c= .’?5)

I
a

.
{

—
,.

“#”

,. &l , T ,
ed

4 ~ ~



* ●

6

5

4

3

2

1.0

.8

6..

.4

To

.2

.1

.08

.06

.04

I

- . * L
s“

I?iglm“e

.01 .02 .94 .06 .08.1 .2 .4 .6

Q&

:,

. .
g.
1; . . I . .-.

-..

* 1

.8 1 2 34 6 8 13P
w

I

..- . ..



b .

. .

6 1

. .



.

l’ig.
m

m

u

m

N

4-I

14

.

.——



b IVa
1- c

I vi L
I I I I I 1 I 1 1 1 I , , ,

# II t I I 1 I J-lI I
u+ ‘ h I I I I I I I I I I t I I 1 1 b -1 UJ

Ix , 1 t 1 1 1 I t 1 I w ad
I l-l * -~

IF511n-1, ,
I I Lu

I II I
t

I

I

I

n-h-l
2s? I J - -—

I .
1 UJ f’%

1.-1-1
1+1 I

IIIIH I a I I
iii
z

0.
‘4 i 1 I I I 1 I I 1 # ,

I i-l

I 1[111 I I I !

,,, ,,

I I .1
U-I-4-I-U4 ! I I l\ \ I I I I

i u?.
Im.

*1” ‘\,

—
c %

m
c 1 ●

I I

.-

1111 I 1 1 I I I m. I

t-i--i

.

.
II I Nlll I l\l I I I Al.



1$.A



Fig.
m

m

u

K1

17

...



H I I I I I I I I I w



?J.A.C.A.Technical Note No. 626 l’iE.19
m

.

al

I I .@I I I

I I

I --1 I I I I
d I I I I I I I Iti Ifl
4 0 }

II u

I I I I
~’,1 ! I I “. I

J1
1

+

\l
I I I 1.r-la I I I

+--+-—+——i———t——Hi—t—t+

“H”( II
m

N

\

o c3
. ,

f-l



N.46C.A. Technical Note No; 626 l?i~.a
.1.

R’1glxye 20. opter ceiliIg ChaCt(

+..

/

17u.

/

v

M
-Yo

!
+6-” “

e.G /

1

—— —- .—. .—.

+.4- / I

I
/

f
H, ft.

4,$00 12,(~o I&,?00 20,)00 L



. Em I

q

!
I.— —

i I

i. -—.. i

rn

[
Figure 21.- Eelic[)pte:‘la!pdilg char’.

.n gover:.ngi‘li$lt.
& I

I 1;
—

\ .—

w. — 1
@“t- $

—— ..—— + -.

i —— .-— — ——. -— .---.

‘-T
—-.—

L ,
>

Lp

.-.

1- <
1 \ t-

1

I
I

..---
.

I
— -— .. — -- — —.

I %.

I \
~ :!

I
I

I
I \
I

I%1 ,, v
IL32

In . .

5 .2 .3 .4 .5.6.81.:1.5 2 3 456 8 10g
-..

g

... . .! .,. I,.



H I I I I I I I I I w



?J.A.C.A.Technical Note No, 626 l’iE.19
m

.

al

I I .@I I I

I I

I --1 I I I I
d I I I I I I I Iti Ifl
4 0 }

II u

I I I I
~’,1 ! I I “. I

J1
1

+

\l
I I I 1.r-la I I I

+--+-—+——i———t——Hi—t—t+

“H”( II
m

N

\

o c3
. ,

f-l



N.46C.A. Technical Note No; 626 l?i~.a
.1.

R’1glxye 20. opter ceiliIg ChaCt(

+..

/

17u.

/

v

M
-Yo

!
+6-” “

e.G /

1

—— —- .—. .—.

+.4- / I

I
/

f
H, ft.

4,$00 12,(~o I&,?00 20,)00 L



. Em I

q

!
I.— —

i I

i. -—.. i

rn

[
Figure 21.- Eelic[)pte:‘la!pdilg char’.

.n gover:.ngi‘li$lt.
& I

I 1;
—

\ .—

w. — 1
@“t- $

—— ..—— + -.

i —— .-— — ——. -— .---.

‘-T
—-.—

L ,
>

Lp

.-.

1- <
1 \ t-

1

I
I

..---
.

I
— -— .. — -- — —.

I %.

I \
~ :!

I
I

I
I \
I

I%1 ,, v
IL32

In . .

5 .2 .3 .4 .5.6.81.:1.5 2 3 456 8 10g
-..

g

... . .! .,. I,.


